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Abstract 
Photoelectrochemical (PEC) hydrogen production, using sunlight to directly split water, is one of the key enabling 
technologies for a future where hydrogen is widely deployed as an energy carrier.  However, the “traditional” 
semiconductor-based PEC material systems studied to date, including simple metal oxides such as TiO2, WO3 and 
Fe2O3, have not been successful in meeting all the performance, durability and cost requirements for practical 
hydrogen production.  Technology-enabling advances in the development of new, advanced PEC materials and 
systems have been needed. Toward this end, the International Energy Agency’s Hydrogen Implementation 
Agreement (IEA-HIA) Task-26, working in close conjunction with “Working Group on PEC Hydrogen Production” 
in the Fuel Cell Technology Program at the U.S. Department of Energy, has brought together experts in materials 
theory, synthesis, characterization and analysis from research sectors across the world.  This endeavor has resulted in  
exciting recent progress over a broad range of PEC materials classes, including high efficiency crystalline 
semiconductors (e.g., III-V materials), promising thin-film semiconductors (including Fe2O3- ,WO3-, and CuGaSe2- 
based films), novel photocatalyst powders (such as Cs-Modified WO3) and innovative photocatalyst nano-particles 
(e.g., MoS2).  The research and development progress in these important PEC materials classes will be summarized, 
and key implications discussed. 
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1. Introduction 
Photoelectrochemical (PEC) hydrogen production using sunlight to directly split water is one of the 
paramount enabling technologies for a future where hydrogen is widely deployed as an energy carrier.  
The simple concept of a PEC solar water-splitting system based on a semiconductor photoelectrode 
device, where sunlight shining on device is converted to chemical energy for separating H2O molecules 
into hydrogen and gas, is illustrated in Figure 1.  PEC Hydrogen Production is attractive among the 
solar-to-hydrogen (STH) conversion technologies for a number of reasons, including: 
 
x Efficient STH conversion is possible at low temperature operations. 
x Relatively simple “low-technology” implementations can be designed which are applicable to 
large-scale central production as well as small scale end user production. 
x Strong synergies exist with contemporary materials research efforts in photovoltaics (PV) and 
nano-technology. 




Figure 1: Illustration of PEC solar hydrogen production using a semiconductor photoelectrode. 
 
Renewable solar hydrogen production via PEC water splitting has been successfully demonstrated 
on the laboratory scale using currently available materials systems, but challenges remain in meeting all 
targets in STH conversion efficiency, durability and cost. Multi-layered oxide material systems of 
reasonable durability and cost (for example, incorporating TiO2, WO3 or Fe2O3) have demonstrated 3-5% 
STH performance, but this falls short of the longer term targets of 10-20% STH for practical 
implementation of PEC technologies [1, 2].  The benchmark for PEC performance has been established in 
crystalline multi-junction GaAs/GaInP2 photoelectrode systems developed at the National Renewable 
Energy Laboratory (demonstrating 12-16%STH)  [3].   These high-performing devices still, however, 
remain limited by high cost and low durability 
For PEC hydrogen production to be practical, technology-enabling advances are needed in the 
development of new, advanced materials systems with high efficiency, long durability and low cost. 
Toward this end, the IEA-HIA Task-26, working in close conjunction with the U.S. Department of 
Energy’s (DOE) “PEC Working Group” brought together international experts in analysis, theory, 
synthesis and characterization from the academic, industry and national laboratory research sectors across 
the world, with four overarching objectives, including: 
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x Intensification of international collaboration, making use of extended fields of expertise in areas 
of materials theory, synthesis and characterization, as well as data and data-base management; 
x Advancement of photoelectrode materials science, particularly addressing the discovery of new 
practical materials, with bulk and surface properties specifically engineered to meet the 
requirements for efficient and stable PEC water splitting; 
x Demonstration of stable and efficient water splitting in the leading materials systems, using 
standardized performance characterizations and round-robin testing procedures; and 
x Promotion of photolysis of water through publications, education and outreach program. 
 
Facilitating research and development of new semiconductor materials for stable and efficient PEC 
hydrogen production systems is the primary goal.  In order to meet this goal a comprehensive “Subtask” 
structure was established, as illustrated below in Figure 2, serving as the central organizational framework 
for R&D activities.  Task-26 has relied heavily on individual subtasks and subtask leaders to coordinate 
collaborative efforts in international PEC R&D for facilitating the PEC materials breakthrough process. 
 
 
Figure 2: Subtask definitions of the IEA-HIA Task-26. 
 
Within this subtask structure, activities associated with subtasks C, D, E, T and S contribute to the 
development of a comprehensive “tool-chest” comprised of PEC-related materials research tools.  This 
“tool-chest” is then being used in the research and development of promising PEC focus materials 
systems (subtask M) using the following strategies: 
 
x Further development of the “standard” PEC semiconductor thin-films and nano-structures for 
higher efficiencies (e.g., tungsten trioxide, iron oxide, etc.)  
x Development of efficient PV semiconductor thin-films and nano-structures for effective use in 
PEC (e.g., copper chalcopyrites and amorphous silicon compounds) 
x Development of new processes and technologies to reduce the cost and enhance the stability of 
high-performance  crystalline materials (e.g., III-V nitrides) 
x Discovery and development of “new” materials classes based on the accumulated knowledge-
base from PEC and PV research efforts to date (e.g., WS2 and MoS2 nanoparticle systems). 
 
Collaboration and cooperation are critical to the success of such a broad-ranging scientific 
endeavour. The international outreach and expansion of cooperative and collaborative activities between 
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the US DOE PEC Working Group and the international research community in areas related to PEC 
materials discovery and development have been central to the success of the IEA-HIA Task-26. 
Combining ever-advancing world-class capabilities in analysis, theory, synthesis and characterization is 
viewed as the surest path to the needed scientific advances in PEC semiconductor materials. With this in 
mind, Task-26 has relied on its international base, coordinating numerous international meetings held in 
conjunction with important materials and electrochemical conferences.  Synergistic activities among the 
US DOE Working Group projects, European PEC projects such as “NanoPEC”, and Asian research 
projects such as those in Japan and South Korea have paid strong dividends, as evidenced in recent 
progress and results. 
 
 
2. Technical Progress 
 
Over the tenure of the IEA-HIA Task 26, the task’s research methodology has paid dividends in 
terms of technical achievements in PEC materials research and development.  The tools developed in the 
Task-26 research arsenal (for example, in the subtask A, C, S and T activities) have been effectively 
utilized toward the advancement of PEC materials systems (in the subtask M activities). Major 
accomplishments resulting from these activities have been documented in numerous Task reports, and are 
being further organized and documented in a series of updated materials “White Papers” for incorporation 
into the Task-26 Final Report.  Broadly speaking, numerous important accomplishments have been 
achieved over a broad spectrum of PEC materials over the duration of Task-26.  Some of the most recent 
notable achievements have included: 
 
x Achievement of new benchmark performance in oxide-based materials, specifically in iron-oxide 
based material systems as a result of the EU NanoPEC Project [4]. 
x Achievement of new benchmark performance levels in III-V materials multi-junction 
photoelectrodes at the National Renewable Energy Laboratory (NREL) as a result of the US 
PEC Working Group efforts, shown in Figure 3a [5, 6]. 
x Achievement of new benchmark performance levels in copper-chalcopyrite thin film materials in 
multi-junction photoelectrode configurations at the University of Hawaii/MVSystems as a result 
of the US PEC Working Group efforts [7]. 
x Successful demonstration of Z-scheme photocatalyst systems and screening of numerous 
photocatalyst materials in research institutes in Japan, including AIST and TUS [8, 9, 10, 11]. 
x Successful demonstration of enhanced performance heterojunction thin film material systems in 
South Korea at POSTECH [12]. 
x Development at Stanford University of new quantum-confined MoS2 nano-particle catalysts and 
concurrent development of novel macro-structures for integration into practical 
photoelectrochemical hydrogen production devices, illustrated in Figure 3b [13, 14].  
x Continued work on the refinement of the “Standardized Methodologies for PEC Measurements 
and Reporting” effort.  .  Agreements are being negotiated with Springer to publish the 
documents in book form with assigned editors (Huyen Dinh of NREL, Eric Miller of DOE, and 
Zhebo Chen of Stanford University) [15].  
x Publication of hundreds of PEC articles in scientific journals and in conference proceedings by 
Task-26 Experts and associated research groups. 
x Publication of two important books on PEC Hydrogen Production with major contributions from 
the Task-26 Experts [16, 17].  
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As of 2012, the IEA-HIA Task 26 is in its final year of tenure.  The primary activities have started 
winding down in preparation for final Task documentation.   Additionally, new proposals are being 











Figure 3: (a) New benchmark performance in PEC solar water-splitting from NREL GaAs/GaInP2 devices, 
demonstrating increases in STH conversion efficiency from ~12 to over 16%; and increases in durability from ~10 to 
over 100 hours; (b) New approach to PEC water splitting using bandgap-tuned MoS2 nano-catalysts loaded onto 
transparent-conductive-oxide (TCO) scaffolding to form a H2 producing photoelectrode. 
3. Future Work 
 
As the IEA-HIA Task-26 is approaching the end of its tenure, the technical advances realized through 
implementation of the task’s R&D methodologies are being incorporated into a Task Final Report.  The 
primary content of this report will comprise the up-to-date PEC materials “White Papers”, currently under 
preparation by Task Experts, covering specific materials topics including:  
 
x III-V crystalline semiconductors material systems 
x Fe2O3 based thin-film materials 
x WO3 based thin-film materials 
x I-III-VI2 thin-film semiconductor materials (e.g., CuGaSe2) 
x Molybdenum disulfide (MoS2) nanostructured photocatalysts 
x Bismuth vanadate (BiVO4) materials 
x Tantalum oxi-nitride (TaON) materials 
x PEC Materials Theory Updates 
x New oxide materials and material systems 
 
Continued work on documentation and on information management is the current priority as the task 
continues into its final year.   In addition,  potential follow-on PEC work in a future IEA-HIA Task 
structure has been discussed with Task Experts; One conceptual approach integrating PEC into a broader 
Task focused on “Renewable Hydrogen” (along with Bio-Hydrogen, Solar-Thermochemical Hydrogen, 
and others) was considered with support from the Experts.  Independent of the specific manifestation in 
the IEA-HIA task structure, solar hydrogen production via PEC water splitting will remain a strong 
international priority.  Despite the significant scientific challenges, a world-class team of researchers 
continues to make impressive progress in this field. 
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